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By Jackson R. Stalder asd Ray J. Spiea, Jr. 

As part  of a general investigation of thermal ice-prevention 
systems, test$ have been conducted of an exhamt-gas-"air  heat 
exchanger designed for um Fn aircraft  incorporating individual- 
cylinder exhaust s t a c h .  The the& perfoEplance of the heat 
exchanger w-as determined as well as the effect  of the heat-exchan@w 
installatfon on indlcated  cylinder power and e-us-bdet thrust. 

The resul ts  of the testa  indicate that predicted steady"f1ow 
values of thermal output may be wed with reasanable accuracy to 
design  Fntermfttent4low e&awt-gas heat-exchanger fnstallatfons, . 

provided that unrestricted  exhaust s-ke are wed. A reduction 
of approxfmately 3 percent of total indicated  cylinder power 
resulted fram the  hcreased exhaslel+gas-flow resistance due t o  the 
heat-exchanger installation. The loss  in total head of the exhaust 
gas W i n g  its pasaage throum the heat exchanger caueed a reduction 
of exhamt-gas thrust of 15 percent a t  t he  highest  Jet  velocity 
obtained. &e reduction was smaller f o r  lower je t   veloci t ies .  

During the course of a general  inveetigation of ice-prevention 
techniques  conducted at  the ARBS Aeronautical  Laboratory, it was 
found (reference I) that the m o s t  effective method of prevent- 
i c e  formations  consisted of supplying  heat t o  the affected portions 
of the afrplane structure. Cansideration of vmious aources of heat 
revealed that the engine exhaust gas waa the ,most  obvious and gracti- 
c a l  source for the large quantities of heat  required t o  prevent 
ice  accretions on w i n g s ,  empennage, and windshield. Use of the engine 



exhawt gas as a heat source, however, involved the use of exham% 
gas-ta heat emhangers; oonsequently, a general research program 
W ~ B  initiated i n  order to  determine the perforrmance characteristics 
of various types of heat exchangers suitable for   ins ta l la t ion   in   the  
elhaust eyetema of reciprooating ~ir~rraft enginee. Coneiderable 
research  (references 2, 3, and 4) has been completed in applioatione 
involving the w e  of a single hest exchanger located in an exhaust- 
gaa stream of pactically constant  velooity such EB exists w i t h  
engines ut i l iz ing   co l leo twing- type  exhaust systems. The preeent 
research is an ertenslon of the previous work to   the  case of unsteady 
erhaue-q flow, such a0 are encountered i n  reaiprooating engines 
having individual-cylinder sxbaust stack, eime it would be erpected 
that the  Intermittent nature of the  e&aust-gas flow in  an individual- 
cylinder  exhaut  etack might affect the thermal performame of a heat 
exohanger , 

It was the  specifio purpoee of thie  investigation to evaluate 
the following faotors f r o m  t e a t s  of a typical heat exchanger on a 
ground test stand s lmla t ing  an actual engine installation: 

1, The loss of cylinder power resulting  f’ronthe bmk preesure 
imposed by insertion of a heat emhanger i n  the individ- 
u a l  Jet stack of the cylinder 

2. The loss of erhauet+pe thrust resulting f rom the pressure 
drop and cooling  experiemed by the ex3muBt gas in pas~ling 
through the heat exchanger 

3. The effeot of a pulsating gas stream on the  thermal p e ~ -  
formme of the heat emhanger 

All three of these factore axe cormidered of equal hrprtance in any 
practical  applioation of heat exohangers to Jet-ekck-type exhawt 
8yBbm a 

The heat emhanger tested wae a fla-bplate croe&low type, a8 
shmn i n  figure 1, and was oonetrwted of welded etainlese-steel platee 
i n  accordance with an Ames hboratory design,  Pertinent data comer- 
lng the heat-exchanger dimensions are l i s t ed  in the following table: 

Air aide Gtw side 

Nmiber  of pasaebges 12 u. 
Paaeage gas, ft 0.0063 0 ooogz 
%6Sage length, ft 34-6 520 
No-flow length, ft * 215 m 2 7 5  
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Condition 1.- 2200 rp, 35 inches of mercury absolute masifold 
pressure, 31.8 pound8 per hour exhaust-gas f l o w  

During the t e s t s  in which the heat exchmsr  W&B In the system, the 
cooling air-flow rate to the exchanger w a ~  varied fram about 600 
pounds per hour  t o  about 1400 pounds per hour in increments of 
approximately 1-50 pounde per hour. This was done for each engine 
condition. A b l m r  was used t o  draw the air throu@ s y s t e m  
and a valve on the b l m r  dlecharge wae used to control the flow. 
5 air flow was meamred by a calibrated venturi meter located ln 
the system downstream from the exchan-r. 



4 EhCA RM m0. A&El4 

instantaneous  pmseure =de w2th a modified Farnboro-type inetant,a- 
eo- preesure rworder. The Farnboxb-type m o r d e r  employs a 
pressure-balanced diaphragm element Inserted in the system at p i n t a  
where data are desired - i n  this case d i r e c t 4  in   the cylinder. The 
operation of the 5mtrument is as follows: 

The diaphragm, when activated by.a preesure unbalance, trigger8 
an eleatronic circuit ,  causlng a high-tension spark to 
discharge from a mving s ty lus  to a recording drum, The 
reoording drum is  driven at  a definfte  fraction of crank- 
shaft s p e d  by a geared ey~chronous motor arrangemmt. The 
t m e  of the epark point on the  recording paper give6 the 
variation of cylinder preasure w i t h  orank angle. 

A rotameter and a ohronametrio tctchmneter -re used t o  masure f u e l  
f low and engine  apeed, respectively. Other engine operating data 
were obtained with standard aircrafti type instruments. 

Je t-rllhrus t Measurements 

The jet ” thrz let  measurements were made with a thrust tank 8- 
t o  the device  described in reference 5. In place of t he  8 1 ~ 1  and 
counterwei@t, however, a restrained deflection arm on wbich a s t ra in  
gage was mounted was used. The 6 t r a i p . g s g ~ ~  readings w’em a measure 
of bending mcrments in the restrrained amn, which, in turn, w a ~  a 
measure of thrurt forces on the target plate .  B e  thruet forces 
measured were average tlmust forces, sinoe the exhaust pd.ee frequency 
was too  high and the fner t ia  of the apparatu w8s too great t o  
measure any variation of thrust during an engine oyole. 

Thermal-Performance Measurements 

The t h e m 1  performance of the exchanger waa determined from 
t h e  Increme in enthalpy of the air as it -sed through the heat 
e m b e r .  Ihe temperature of the air  was measured w i t h  Iron- 
canstantaa thermocouplee in con$.mction w i t h  a self-balancing poten- 
tiometer. The inle-ir  temperature wa8 determined with 8 Bin@e 
thermocouple looated in t he  i n l e t  duot, and the temperature of the 
air after passage t h r o w  the heat exchan-r was averaged w i t h  nine 
thermocouples oonnected in series and epaoed a c r o ~ s  the outlet  duct 
downstream from t h e  heat exchanger as shown in figure 2. The  exhawat- 
gas temperature was measured with a quadrup1e-ehielded chramsl-€alu?Itel 
thermocouple Inserted in the e-wt manifold between cyclinders 1 
and 2. 
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The Effect of the Heat EEbanger on Indicated  Cylinder Power 

It w a s  origimlly  intended to determine changes of indicated. 
cylinder power, due t o  the instal la t ion of the heat exchanger and 
several nozzles, by graphically  integrating the instantaneous  pres- 
sure  records,  replotted a s  pressur+volums diagramam It was found, 
however, that the  percentage change in the  total   indicated horse- 
p o w e r  was slllall  enough t o  be withfn  the  accuracy of the instantaneous 
pressure recorder so that a much better  correlation of the data was 
obtained by using  indicated pumping horsepower as obtained  f’romthe 
i d i c a t o r  diagrams; therefore, this quantity was wed as a basis of 
cornprison of the data. A comparison of the difference  in pumping 
horsepower required  for  the  several nozzle sizes  tested,  with and 
without  the heat exchanger installed  in  the exhaust stack, i s  shown 
in   f igure  4. The data have been plotted as indicated pumging horse- 
power per unit nozzle area EPp/An, as a function of the  cylinder 

flow per  revolution per unit nozzle area %/AnN* The presence 
of the  additional flow resistance  offered by the  heat exchanger 
would be expected t o  reduce  the o v e d  power output by increasing 
the W u n t  of pwqing horsepower required  to foroe the exhaust  gases 
out of the  cylinder.  In  addition  to the resistance of the heat 
exchanger, res t r ic t ion  of the exhauet”gae-flow area by the nozzle 
offers further flow impedance. It may be  seen that the instal la t ion 
of the heat exchanger increased  the pumging horsepower over the  range 
of nozzle sizea and engine powers tested. A t  the  highest engfne 
power, an approxinate 3O-percent increase i n  pumping horsepower due 
t o  the added restr ic t fon of the  heat exchanger is evident. However, 
due t o  the fact that the pumping horsepower constitutes only about 
om-tenth of the total   indicated power, a reduction of approximatelg 
3 percent of total indfcated power  may  be charged t o  the h e a b  
exchanger inatallation at  this maxFmum power condition. 

The Effect of the Heat Exchanger on Je t  Thruet 

. 

It has been shown in  reference 5 that the thrust per unit mass 
f low of e-ust gas F A  may be correlated w i t h  the factor P&n/.M&, 
where PO is atmospheric  pre8sure. The factor F A  may be cowid- 
ered as the  efPective  velocity of the Jet of e a u e t  gas that isaues 
from the  exhaust M Z Z ~ ~ ,  The effect of the  heat exchanger cn the 
effective Jet velocity is shown in figure 5. Although the data are  
solnewbat scattered, it may be seen that the  presence of the  heat 
exchanger redwed  the  effective  jet  velocity by approximately 300 
feet   per second  over the   to ta l  range of’effect ive  je t   veloci t ies  
obtained. At the highest  effective  jet  velocity  obtained, 1950 f ee t  
per second, t h i s  represents a reduction in thrust of  about 15 percent. 
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mo correlation of the reduction of effective je t  velocity  with  the 
w u n t  of heat  abstracted from the exhaust gas was evident. This is 
not  surprising  in view of the smll.temperatwe .drop experienced by 
the exhaust gas i n  its passage through the heat exchEanger, 

It should be noted that the heat exchanger  used In   these   t es t s  
was not especially  designed to eliminate pressure losses. Unaoubtedly, 
the  abrupt area exgansion and contraction a t  the entrance and exit of 
the  heat exchanger accounted for the  majority of the preseure loss. 
It would appear  evident that a heat eshapger could be designed which 
would largely  eliminate  these loesee at  the expeme, however, of 
compactness end ease of installation. 

The Them& Perf o m m e  of . the Heat Exchanger 

The thermal performance data w e r e  corrected.to  standard condi- 
t ione of li'QOo F tnlet-exhaust-gas  tanperatwe and 60° F inleuir 
tempera@re by use of the method presented In reference 4. This 
reference a180 &owe that a method, described  therein, of prediot- 
Ing steady-flow thermal p e r f o m m e  for thie ty-p of heat exchanger, 
will give  results which check closely Kith eteady-flow  experimental 
data. The predicted steady-flow performance was used, therefore, 
as a basis for comparison w i t h  the intermittent-flow test data, of 
th i s  report, since no steady-flow experimental data were available 
on the test heat exchanger. 

The resu l t s  of the tests showlng the thermal performme of the 
heat exchanger are presented in f igures 6 ,  7, and 8. I n  figure 6 is 

the unrestricted exhauet  etack and a con~parieon of the data w i t h  the 
steady-flow t h e m 1  output as predicted by the methods preaented 
In  reference 4. It m y  be seen that there is fairly close agreement 
between the  calculated steady-flow thermal  output and the measured 
intermittent-flow therm1 output fo r  the case of an unrestricted 
stack. Consequen%ly, predicted values of 8teady"flou thermal output 
may be used with reasonable  accuracy fo r  purpogee of design of Jet- 
stack  heabxchanger  installations,  provided that unrestricted 
exhaust stacks are us&. The'effect of nozzle rest r fc t ion on thermal 
output is shown i n  flguree 7 and 8 for eeveral el.baust+gas maseflow 
rates and air-mase-flow rates. It can be Been that the thermal 
output w i t h  res t r ic ted stacks is somewhat higher than that w i t h  the 
unrestricted stack. Thie effect  is probably due t o  the  deereased 
back flow of cooled  exhaust gas into  the  heat exchanger through the 
exhaust  stack  during the exhauat"ga8 n-flow period. The effect  
may also be due t o  the shortening  of the no-flow period due t o  the 
constyictive effect of the nozzles. 

* shown the  variation of thermal output Q with   a i rass - f low rate fo r  
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Engine tests  have been conducted of a a m l l  flat-phte-type 
heat exchanger designed for instal la t ion in a jetrstack-type 
exhaust system where intermittent exhauat-gm f l o w  exists. The 
results of the   t es t s   a re   l i s ted  below: 

1. The predicted steadyi-rflow values of thermal  output were 
in sufficiently  close agreement with the measured intermittent-flow 
thermal  output t o  indicate that, f o r  conditions of the  present  test, 
the u8e of predicted steady-flow thermal performance is satisfactory 
fo r  purposes 07 design of jet-stack heat-xchanger Installations, 
provided that unrestricted  exhaust  stacks are med. 

2. &e l o s s  in t o t a l  head of t h e  exhaust gas during passage 
through the heat exchanger  caused a reduction of thrust of approxi- 
mately 15 percent at  the highest  Jet  velocity tested. 

3. A reduction of a p p r o m t e l g  3 percent of t o w  indicated 
cylinder power resulted fram the increased exhausf+gas-flow resistance 
due t o  the  heat-exchanger  inatallation. 
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Figure 2.- Schematic  dfagram of heat-exchanger apparatus for pulsating ftow tests. 





~ ~ g u r e  3.- Heatamhanger a~ld test+GBquipnt installation on P & w 
R-985 engine. 
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Figure 5.- The effect of the h8Of exchanger on jet thrust. 
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Heat exchanger ajr flow rote, /b/hr 

Figure 6.- Variation of heat output with heat exchanger alr flow, and 
comparison with predicted steady flow heot output. 
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!XI z Exhaust gas weight flow, I& lbr 

figure Z- Vufidion of /leaf output with exhaust gas welght flow. k I-J 
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Figure 8.- Variation of  heat output with exhaust gas  weight flow. 
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